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Introduction
Indoleamine 2,3-dioxygenase (IDO) is one of rate limiting enzymes in tryptophan catabolite pathway and converts tryptophan to kynurenine. 1 The enzyme activity causes tryptophan depletion and kynurenine accumulation and inhibits effector T cells through activating the kinase general control nonderessible 2 pathway. 2 Accumulation of tryptophan metabolites binding to acyl hydrogen receptor results in differentiating naive CD4 + T cell into regulatory T cells. 3 In addition, IDO1-expressing plasmacytoid dendritic cells cause expansion of regulatory T cells in tumor draining lymph nodes. 4 Targeting IDO1 has been a strategy of cancer immunotherapy. 5 The IDO inhibitors such as D-1-methyl-tryptophan (D-1MT) and INCB024360 are in phase 1/2 clinical trials for evaluating the efficiency against multiple types of cancers. 6 In addition, combination of IDO inhibitor and programmed death-ligand 1, programmed death-receptor 1, and cytotoxic T-lymphocyte associated protein 4 blockage further enhances T cell activation and therapeutic efficiency in animal tumor models. 7, 8 Delivery of short hairpin RNA against IDO (IDO shRNA) is another strategy to induced host antitumor immune responses. Systematic delivery of Salmonella typhimurium transformed IDO shRNA suppresses tumor growth in a murine melanoma model. 9 Silencing IDO is associated with tumor infiltration of polymorphonuclear neutrophils which enhances production of reactive oxygen species (ROS) after IDO shRNA treatment. 9 Our previous study, demonstrated that delivery of IDO shRNA through low pressure gene gun delays tumor growth in bladder, colon, and liver tumor models and enhances the efficiency of Her2/neu DNA vaccine. 10, 11 We also observed massive Gr-1 + cells (including Ly6G + and Ly6C + cells) infiltration into tumor after IDO shRNA treatment. 10 It suggests that gene gun administration of IDO shRNA may increase neutrophils infiltration in tumor because Ly6G and Ly6C are respectively a marker of neutrophil and monocyte myeloid lineage. 12 However, the role of these cells is not determined. Tumor-associated neutrophils usually play a protumorigenic role ("N2" neutrophils. Transforming growth factor-β (TGF-β) phenotype). However, neutrophils reveal antitumorigenic role ("N1" neutrophils. It produces higher level of tumor necrosis factor-α (TNF-α), ROS, and nitrogen oxide) in certain situation. 13, 14 Tumor microenvironment is a critical factor to affect neutrophil polarization. 13 The N2 cells promote angiogenesis and metastasis. 15, 16 In addition, N2 neutrophils suppress function of effector cells in tumor microenvironment. 17 Increasing ratio of tumor-infiltrating polymorphonuclear cells to plasmacytic cells is associated with poor overall survival in several solid tumors and these polymorphonuclear cells are considered as granulocytic myeloid-derived suppressor cells (G-MDSC) which are characterized in CD11b + Gr-1 + phenotype. 18, 19 Although neutrophil phenotype (CD11b + Gr-1 + ) are the same, the function and some characteristics are different from G-MDSC. Compared with MDSC, neutrophils do not express CD244, produce lower level of ROS and higher level of TNF-α and express different transcription patterns from G-MDSC. 20, 21 Depletion N1 neutrophils increases tumor volume in murine mesothelioma model. 13 Tumor entrained neutrophils inhibit premetastasic lung cancer. 22 Another report indicates that tumor associated neutrophils shows N1 phenotype in early state of tumor progression. 23 These evidences shows that neutrophil is a double edge sword in tumor.
Systematic delivery of bacteria-transformed IDO shRNA induces ROS-producing polymorphonuclear neutrophils in tumor. 9 We wondered whether N1 phenotype of tumor-infiltrating neutrophils could be observed after IDO shRNA treatment through other delivery routes. Since lung cancer is one of the most serious diseases, 24 the hypothesis was investigated in a murine lung cancer model. The number and the phenotype of tumor-infiltrating neutrophils were determined. The potential role in cancer immunotherapy was evaluated.
Results

IDO shRNA and D-1MT treatment inhibited LLC1 tumor growth and induced tumor-infiltrating CD11b
+ Ly6G + neutrophils Our previous studies indicate skin delivery of IDO shRNA has an antitumor effect via low pressure gene gun bombardment on subcutaneous bladder and colon tumor and orthotopic liver tumor models. 10, 11 In addition, increasing number of tumor-infiltrating Gr-1 + (clone RB6-8C5) cells is observed after IDO shRNA treatment. 10 However, the role of these neutrophils were not clear. In this study, IDO shRNA or scramble IDO shRNA was administrated through intramuscular injection. The other group was supplied with IDO inhibitor D-1MT (experimental design was shown in Figure 1a) . The results showed that IDO shRNA and D-1MT treatment inhibited LLC1 tumor growth (Figure 1b) . Although different delivery route (intramuscular injection in this study versus gene gun bombardment in our previous studies) were used, the number of tumor-infiltrated CD11b + Ly6G + (clone 1A8) neutrophils significantly increased in IDO shRNA and D-1MT groups compared with scramble IDO shRNA group (Figure 1c) . In contrast, the number of neutrophils in spleen were not significantly changed (Figure 1d ).
Intramuscular injection of IDO shRNA induced Th1-bias immune responses
Our previous studies demonstrated that gene gun administration of IDO shRNA induced Th1-bias immune responses in splenocytes in an orthotopic liver and a subcutaneous bladder tumor models. 11, 25 After gene gun delivery of IDO shRNA, IDO expression in dendritic cells was suppressed. However, The IDO expression of total splenocytes was not altered. 11 In this study, IDO expression of total splenocytes was not affected after intramuscular injection of IDO shRNA (Figure 2a) . Because different routes of DNA plasmid delivery induced affects immune responses, 26, 27 the expression of Th1 and Th2 cytokines was analyzed. The elevated level of Th1 cytokine interferon-γ (IFN-γ) in IDO shRNA group and elevated level of tumor necrosis factor-α (TNF-α) in D-1MT group was observed (Figure 2b,c) . In addition, D-1MT treatment suppressed the levels of Th2 cytokines interleukin (IL)-4 and IL-10. The patterns of cytokine expression were not identical between IDO shRNA and D-1MT treated groups.
The frequency of regulatory T cells was not affected by intramuscular injection of IDO shRNA MDSC and regulatory T cells negatively regulate immune responses and attenuate function of effector T cells. 28, 29 In many previous studies, CD11b + Gr-1 + cells are considered as MDSC. 19 IDO shRNA has been demonstrated to induce cytotoxic T activity and Th1 immune responses in spleen. 10, 11 Thus, the immune suppressive cells were determined in spleen. Our result revealed that the frequency of CD11b + Gr-1 + cells which were markers of granulocytic MDSC was not significantly changed in each group (Figure 1d ). In addition, the frequency of CD4 + CD25 + regulatory T cells was not affected after IDO shRNA and D-1MT treatment (Figure 3a,b) . It suggested that these immune suppressive cells were not altered in spleen after each treatment.
IDO shRNA treatment enhanced expression of tryptophan transfer RNA in total splenocytes IDO over-activation leads to accumulating uncharged tryptophan transfer RNA (tRNA Trp ). 2 It results in blocking translation and cell cycle arrest in T cells. 2 There are generally 60-70% of CD8 + and CD4 + T cells in spleen. 30 To determine whether tRNA was altered in T cells, tryptophan tRNA precursor (pre-tRNA Trp ) was determined in total splenocytes. It was interesting to note that only IDO shRNA treatment increased the expression level of pre-tRNA Trp although IDO expression was not affected in total splenocytes after IDO shRNA and D-1MT treatment (Figure 4) . The low level of initiator methionine transfer RNA (tRNA i Met ) is associated with differentiating or arresting mammalian cells. 31 However, similar expression levels of tRNA i
Met was observed in all groups. Furthermore, the tRNA Trp and tRNA i Met levels were not affected by IDO shRNA in tumor-infiltrating neutrophils (Supplementary Figure S1) . It implied that tRNA Trp involved in regulating IDO shRNA induced antitumor immune responses in spleen.
The phenotype of IDO shRNA-induced tumor-infiltrating CD11b
+
Ly6G
+ neutrophils To determine the IDO shRNA induced-tumor-infiltrating neutrophils revealed antitumorigenic N1 phenotype or protumorigenic N2 phenotype, the cells were enriched by magnetic isolation (Figure 5a) . The N1 cells are characterized by high TNF-α expression and N2 cells are associated with high TGF-β expression.
14 In Figure 5b , significantly higher mRNA level of TNF-α and TGF-β was detected in IDO shRNA group at day 16 after LLC1 cells injection compared with scramble IDO shRNA group. Although the IDO shRNA and D-1MT treatment did not significantly suppress tumor growth at day 23 after LLC1 cells injection, similar mRNA expression pattern was detected (Figures 5c,d) . The results could not indicate whether the neutrophils reveal antitumorigenic or protumorigenic phenotype. 
Discussion
We have demonstrated that low pressure gene gun delivered-IDO shRNA suppresses tumor growth in two subcutaneous tumor models and enhances therapeutic efficiency of Her2/neu DNA vaccine. 10 In addition, it also delayed orthotopic liver tumor growth. 11 Because low pressure gene gun efficiently deliver plasmid into skin dendritic which migrate to inguinal lymph nodes or spleen, 32 skin delivery of IDO shRNA suppresses expression in CD11C + dendritic cells in tumor draining lymph nodes and plasmatocytoid dendritic cells in spleen but did not affect IDO expression in total cells of lymph node, spleen, and tumor. 10, 11, 25 Thus, we suppose that the levels of tryptophan metabolites are not changed in spleen and acyl hydrogen receptor pathway might not involve in IDO shRNA-mediated immune responses. In this study, IDO shRNA was delivered by intramuscular injection. IDO shRNA treatment still delayed tumor growth and induced Th1 cytokine IFN-γ in early stage after tumor cells injection. Similar immune responses were observed since different delivery routes were used. Intramuscular injection of DNA vaccine recruits mature dendritc cells in muscle and these dendritic cells are thought to present antigens of DNA vaccine. 33 However, IDO shRNA plasmid did not express any specific tumor antigen in this study. The IDO shRNA uptake-dendritic cells trafficking to secondary lymphoid organs and then activating antitumor immune responses in secondary lymphoid organs might be a possible pathway. The detail mechanism needs to be further discussed.
Gene gun delivered-IDO shRNA increases tumor-infiltrating Gr-1 + cells. Gr-1 antibody recognizes Ly6G and Ly6C and only Ly6G is a good marker for detecting neutrophils. 34 Our results confirmed that intramuscular injection of IDO shRNA results in neutrophils infiltration by detection of specific Ly6G + antibody (clone 1A8). A transcriptomics analysis indicates tumor associated neutrophils (including N1 and N2) express higher levels of cytokines and chemokines (such as TNF-α, arginase 1, and chemokine (C-C motif) ligand 4) compared with naive bone marrow neutrophils. 21 Both N1 and N2 express higher level of TNF-α compared with naive bone marrow neutrophils. 35 The antitumorigenic N1 neutrophils expresses high level of TNF-α, intercellular adhesion molecule 1 (ICAM1) and low level of arginase 1. 36 Our result showed the enriched tumor-infiltrating neutrophils had high TNF-α and TGF-β expression (Figure 5b,d) . However, no significant difference of ICAM1 and arginase 1 expression was observed after IDO shRNA or IDO inhibitor treatment (data not shown). A report indicated that neutrophils exhibit different phenotypes in early and late stage of tumor progression in murine tumor models. 20 We collected neutrophils from two different time points and observed similar expression pattern. The expression pattern of TNF-α and TGF-β was similar with that at day 16 although mean tumor volume did not reveal significant difference among three groups at day 23 (n = 3 in each group). Two time points might be too close to observe different neutrophil phenotypes. Therefore, our current results could not indicate the biological function of tumor-infiltrating neutrophils. cells in IDO shRNA-induced cytotoxicity in splenocytes.
11
Systematic depletion CD8 + T cells abolished therapeutic effect of IDO shRNA. 10 Our results revealed that systematic neutrophil depletion decreased the neutrophil population in spleen and compromised antitumor activity. In addition, Th1 cytokines IFN-γ and TNF-α were suppressed after depletion in IDO shRNA treated group. It suggested that neutrophils played an essential role in IDO shRNAmediated Th1 immune responses in spleen and might play a minor role in IDO shRNA-activated cytotoxicity. Furthermore, spleen is a major origin of tumor-associated macrophage and neutrophils. 38 IFN-γ is one of the known cytokines to lead N1 neutrophil polarization. 36 Transcriptomics analysis indicates N1 neutrophils express higher mRNA levels of IFN-γ and TNF-α compared with N2 neutrophils. 35 Because IDO shRNA treatment induced high level IFN-γ in total spleen, it might be a positive feedback loop among N1-polarized neutrophils, CD8 + T cells, and other immune cells in spleen. When splenic neutrophils trafficking to tumor, TGF-β expression of these neutrophils might be induced by tumor microenvironment. It might be a possible reason why tumor-infiltrating neutrophils expressed both high TNF-α and TGF-β.
IDO inhibitor D-1MT reveals antitumor efficiency against tryptophan catabolic enzymes (IDO, indoleamine 2,3-doxygenase 2 (IDO2), and tryptophan 2,3-dioxygenase (TDO)) overexpressing cancer.
39,40 D-1MT treatment affects kinases mechanistic target of rapamycin (mTOR) and protein kinase C-θ (PKC-θ) and reverses the immunosuppressive signaling pathways. 41 Increasing number of neutrophils was observed in tumor. Moreover, the mean tumor volume in neutrophil depletion group was smaller than that in IgG control group Trp which activates general control nonderessible 2 kinase pathway to limit protein translation.
2 D-1MT is a competitive inhibitor which serves as a mimic of tryptophan and affects mTOR signaling. 5 Therefore, the protein translation is rescued after D-1MT treatment. In this study, pre-tRNA Trp and pre-tRNA i Met was detected. Because pre-tRNA is not processed into mature tRNA, the level of pre-tRNA could not reflect the real level of uncharged-tRNA or mature tRNA. However, pre-tRNA could be represented the transcription efficiency of each tRNA. Our results indicated that IDO shRNA but not D-1MT induced the level of pre-tRNA Trp in total splenocytes (Figure 4) . A recent study demonstrates lipopolysaccharide stimulation activates NF-κB pathway, RNA polymerase III activity, and tRNA genes transcription. 42 It suggests regulation of RNA polymerase III links to immune responses. 42 Our results implies IDO shRNA treatment might affect regulatory elements of RNA polymerase III (such as transcription factor Myc, Jun, Fos, and repressor Maf1) in splenocytes. 43 The hypothesis will be determined in the future.
In LLC1 lung cancer model, a single IDO shRNA treatment delayed tumor growth in early stage and was not beneficial to survival rate. Combination of a specific tumor antigen may enhance therapeutic potency of IDO shRNA. A report indicates that treatment of lipid A which is the hydrophobic anchor of lipopolysaccharide results in recruitment of N1 neutrophil in a rat colorectal tumor model. 44 Combination of IDO shRNA and lipid A might be a strategy to induce synergistic antitumor immune responses. Further, our results suggest that IDO shRNA induce antitumorigenic neutrophils. IDO shRNA treatment might be a strategy to alter neutrophils polarization in immunotherapies.
In summary, our results indicated that IDO shRNA treatment through intramuscular injection inhibited tumor growth in early sate of tumor development and induced antitumorigenic neutrophils in an established lung cancer model. Depletion of neutrophil abolished therapeutic effect of IDO shRNA. In addition, tRNA
Trp might be associated with IDO shRNA-mediated antitumor immune responses (Figure 7e) . Our results suggest that IDO shRNA treatment could be a strategy to induce N1 neutrophil polarization and combination IDO shDNA might be beneficial to improve the efficiency of other cancer immunotherapies. Plasmid preparation. U6 promoter-driven IDO shRNA plasmid (targeting sequence: 5′-GCACTGCACGACATAGCTA-3′) and Scramble IDO shRNA plasmid (sequence: 5′-GGCCATC-TACCCATGAAGA-3′) which were described in our previous study. 9 The endotoxin-free plasmids were prepared through NucleoBond Xtra Midi EF kit (Macherey-Nagel, Dliren, Germany) and was dissolved in phosphate-buffered saline (PBS) at a concentration of 0.5 µg/µl.
Evaluation of the therapeutic effect on established tumors.
The use of all the animals in this study was approved by the Animal Care and Use Committee at the Kaohsiung Medical University. LLC1 cells (2 × 10 5 cells in 200 µl serum-free DMEM) were injected subcutaneously into six-to eight-weekold male inbred C57BL/6JNarl mice which were obtained from the National Laboratory Animal Center (Taiwan) and maintained in Experimental Animal Center of Kaohsiung Medical University. The mice were received with intramuscular injection (50 µg of IDO shRNA or scramble IDO shRNA in 100 µl PBS) or were provided with drinking water containing IDO inhibitor D-1MT, 2 mg/ml, pH = 7 (Sigma Aldrich) at 7 days after LLC1 cells injection. The IDO shRNA and scramble IDO shRNAtreated mice were supplied with drinking water at pH = 7 and the D-1MT treated mice were intramuscular injection of 100 µl PBS. These mice were sacrificed at days 16 or 23 after LLC1 cells injection. Tumor size was measured using calipers every 3-4 days. Tumor volume was calculated by the formula: volume A×A×B×0.5236, where A and B respectively represented the shortest and longest diameters.
Quantitative real-time polymerase chain reaction. Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA). Complementary DNA (cDNA) was performed using a PrimeScript RT reagent Kit (Clontech, Kusatsu, Shiga, Japan). The primer of mouse hypoxanthine phosphoribosyltransferase (HPRT) was 5′-GTTGGATACAGGCCAGACTTTGTTG-3′ and 5′-GATTCAACTTGCGCTCATCTTAGGC-3′; mouse IFN-γ was 5′-AACGCTACACACTGCATCTTGG-3′ and 5′-CAAGAC TTCAAAGAGTCTGAGG-3; mouse TNF-α was 5′-CCCC AAAGGGATGAGAAGTT-3′ and 5′-CACTTGGTGGTTTGCTA CGA-3′; mouse IL-10 was 5′-CCAGTTTTACCTGGTAGAAGT GATG-3′ and 5′-TGTCTAGGTCCTGGAGTCCAGCAGACTC AA-3′; mouse TGF-β was 5′-TGCGCTTGCAGAGATTAAA A-3′ and 5′-CGTCAAAAGACAGCCACTCA-3′; mouse ICAM-1 was 5′-GTGATGCTCAGGTATCCATCCA-3′ and 5′-CACAG TTCTC AAAGCACAGCG-3; mouse arginase 1 was 5′-CAGAA GAATGGAAGAGTCAG-3′ and 5′-CAGATATGCAGGGAGT-CACC-3′. HPRT served as an internal control. The level of mRNA was determined on StepOne Plus Real-Time PCR System (Applied Biosystems) using a Fast SYBR Green Master Mix (Applied Biosystems). The relative gene expression was calculated according to comparative C t method with normalization to HPRT. The results of ICAM-1 and arginase 1 were not shown. Transfer RNA detection. Total RNA extracted using Trizol reagent (Invitrogen, Carlsbad, CA). cDNA for detecting precursor tRNA was generated with random hexamers and PrimeScript RT reagent Kit (Clontech). Primers design was according to our previous study. 45 Primers of pretRNA TRP was 5′-GACCTCGTGGCGCAACGG-3′ and 5′-ACG CAACCTTCTGATCTGGAG-3′; pretRNA i Met was 5′-CTGGG CCCATAACCCAG AG-3′ and 5′-TGGTAGCAGAGGATGG TTTC-3′. The detection of tRNA was described in quantitative real-time polymerase chain reaction section.
Neutrophil enrichment. The LLC1 tumor was collected at day 16 or day 23 after LLC1 cells injection, and then was cut into small fragments and digested for 60 minutes at 37°C with 0.1% collagenase D (Roche Diagnostics, Mannheim, Germany). After removal of red blood cells, mouse neutrophils were enriched from tumor-infiltrated cells at days 16 postinjection of LLC1 cells by a mouse neutrophil isolation kit (catalog no. 1130-097-658, Miltenyi Biotec, Bergisch-Gladbach, Germany) according to the manufacturer's instruction. The purity of sorted cells was routinely more than 80%.
Neutrophil depletion. LLC1 tumor-bearing mice were intraperitoneally administrated 300 µg InVivoMAb antimouse Ly6G antibody (clone 1A8, BioXcell, West Lebanon, NH) or 300 µg InVivoMAb Rat IgG2a (clone 2A3, BioXcell) in 100 µl PBS. Antibodies were injected at the time of 7, 10, and 14 days after LLC1 cells injection. To evaluate depletion in the spleen, the spleens which were collected at 16 days after LLC1 cells injection and the depletion efficiency were evaluated by flow cytometry (BD Accuri C6 flow cytometer, BD Biosciences).
Statistical analysis. All of the numerical data and graphs were generated by GraphPad Prism 6.01 (GraphPad Software, San Diego, CA). Data represent mean ± SD. Student's t-test was used for analysis of difference between two groups, and a P-value < 0.05 was considered to indicate a statistically significant difference. Figure S1 . The level of tryptophan tRNA and initiator methionine tRNA in tumor-infiltrating neutrophils.
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